Objectives This study was aimed to evaluate different endodontic obturation techniques (Thermafil, lateral condensation, and Tagger's hybrid technique) regarding the homogeneity of the obturation radiopacity. Materials and methods Seventy roots of human upper central incisors were filled using the Thermafil system, lateral condensation. and Tagger's hybrid technique. Radiopacity of the filling was evaluated based on mean of grey levels, and its homogeneity was assessed by the coefficient of variation (CV), analyzing the histograms obtained of digitized and digital radiographs.
Introduction
Lateral condensation is the most widely used obturation technique in endodontics, mainly because of its simple execution and low cost. In view of the limitations of this technique, especially its lack of homogeneity [1] , new techniques, using the principle of warm gutta-percha, have been introduced [2, 3] . Thermomechanical compaction, as proposed by Tagger [3] , and the Thermafil carrier system promote the heating of gutta-percha. This permits better adaptation of the material to the internal anatomy of the root canal system [4] . However, possible root canal overfilling due to increased flow of the plasticized material is a disadvantage [5] .
Several studies have compared the performance of different obturation techniques in terms of apical sealing capacity measured by dye infiltration [6] [7] [8] and homogeneity of the obturation radiopacity [9] , but the results are controversial. In addition, there are few studies showing the superiority of some technique [10] .
One of the tools of digital systems, i.e., the measurement of mean grey levels on an image, has been used over recent years for the quantitative evaluation of the mineral content of teeth and skeletal structure [11, 12] , as well as of the radiopacity and homogeneity of dental materials [13] . The advantage of this approach is its objectivity compared to the traditional interpretation of radiographic images, considering the natural limitation of the human eye in distinguishing similar grey tones [14] . In view of this limitation, we evaluated the radiopacity and distribution of endodontic filling material by three different obturation techniques (Thermafil, lateral condensation, and Tagger's hybrid technique). This evaluation was based on the measurement of the mean of the grey levels of pixels on digital images obtained from filled root canals and their apical sealing capacity by dye infiltration.
Materials and methods
A number of 70 permanent upper central incisors that were previously indicated for extractions were donated by patients at the Discipline of Operative Dentistry, School of Dentistry, Federal University of Bahia (FOUFBA). The study was approved by the Ethics Committee of FOUFBA (process CAAE 0005.0.368.000-07, FR-126218) and all subjects agreed to the donation by signing a free informed consent form.
The teeth were immediately washed with water and soap and then disinfected by immersion in Thymol in 0.1% water-alcohol solution for 24 h. Next, the teeth were submitted to scaling and planing of the root surfaces with periodontal curettes, and their crowns were removed with a high-speed number 23 carborundum disk at the level of the cementoenamel junction. Root length was measured with a digital caliper (727 Series, Starrett Indústria e Comércio Itu, São Paulo, Brazil), and marks were made on the mesial and buccal surfaces to divide the root into three thirds: cervical, middle, and apical. Perforations were then introduced with a number 1 carbide bur to delimit the thirds. The perforation's depth was the same size of the diameter of the bur (0.79 mm). These marks could be identified on the radiographic images in both the buccolingual and mesiodistal views.
Next, the teeth were submitted to progressive chemomechanical manual preparation of the root canals, with the working length being established at 1 mm from the radicular foramen. The canals of all groups were prepared with stainless steel K-Flexofiles (Dentsply Maillerfer). A number 15 file was used to maintain the patency of the foramen. Endo-PTC® plus 1% sodium hypochlorite were used as auxiliary methods of instrumentation. The teeth were irrigated with 1 ml 17% trisodium EDTA for 2 min, followed by irrigation with 5 ml 1% sodium hypochlorite, and final washing with 5 ml detergent. All teeth were instrumented and obturated by the same operator.
The roots were randomly divided into the following groups according to the technique used for obturation: Thermafil group, 20 roots obturated using the Thermafil system; lateral condensation group, 20 roots obturated by lateral condensation; Tagger hybrid group, 20 roots obturated using the modified Tagger hybrid technique. The modified Tagger hybrid technique is thermomechanical compaction of the gutta-percha after lateral condensation of the apical part of the master cone. Then, auxiliary cones are introduced again and the thermomechanical compactor is reused, according to Tagger et al. [15] .
Conventional and digital radiographs
The roots were positioned in front of a size 2 radiographic film (sensitivity E) or a phosphor storage plate (PSP) of the DenOptix® digital radiographic system (Gendex, Dentsply, IL, USA), with a resolution of 300 dpi. The roots were fixed with adhesive tape behind a soft tissue simulator consisting of an acrylic resin box filled with water (total volume of 4 mm 3 ). An aluminum step wedge was attached lateral to the tooth with adhesive tape. This object was used for the subsequent adjustment of the gray level of the radiographs. The X-ray was positioned perpendicular to the tooth and the film or PSP (Fig. 1a, b) .
For conventional radiography, a DabiAtlante Spectro 70X generator (Dabi Atlante S.A. Indústrias Médico Odontológicas, Ribeirão Preto, São Paulo, Brazil) operating at 70 kVp and 8 mA was used. The exposure time was 0.3 s and the focus film distance was set at 24.5 cm. After exposure, the films were processed using fresh chemical solution (Kodak, New York, USA) in dark chamber under appropriate safety light GBX-2, Kodakusing the temperature-time method. After final washing, the radiographs were dried and stored in plastic folders using a preestablished code.
The radiographs were then digitized with a scanner equipped with a transparency reader (HP PrecisionScan Pro 2.5, ScanJet XPA, Hewlett Packard, Greeley, CO, USA) with a spatial resolution of 600 dpi, in the grey scale mode, creating 8-bit images. The position of the radiograph on the active side of the scanner and exposure adjustment were standardized for all acquisitions. All images were saved in BMP format on a CD.
For digital radiography, a TIMEX-70 DRS® X-ray intraoral generator (Gnatus Equipamentos Medico Odontológicos Ltda., Ribeirão Preto, São Paulo, Brazil) operating at 60 kVp and 8 mA, with an exposure time of 0.12 s and focus film distance of 30 cm, was used. After exposure, the SPS were read and the images were exhibited by the program of the system (Vix Win TM 2000®, Gendex, Dentsply). Next, the digital images were exported, saved on CD in BMP format and properly identified.
The conventional and digital radiographs were taken in two projections (buccolingual and mesiodistal) before and after root canal obturation. A total of 240 conventional radiographs, corresponding to 240 digitized images, and 240 digital images were obtained.
Before analysis, the brightness of the digitized and digital images was adjusted. Initially, we draw a rectangle area on the third step of the step wedge of the first scanned radiography, and we measured its gray value (obtained from the histogram). This value was considering the reference to make the adjustment. After that, the gray value of the third step of the second radiograph was also measured and compared to the value of the first radiograph. Difference between the radiographs was calculated and reduced or increased to all pixels of the second radiography. This procedure was repeated in all radiographs. The digital and digitized images were then opened with the ImageTool® program (University of Texas Health Science Center, San Antonio, TX, USA). The histogram tool was used to measure the mean of the grey levels and the standard deviation of grey levels separately in the cervical, middle and apical portions of the root canal, before and after obturation. We measured the value of gray of a rectangle whose width was the same size of the root canal. The dentin was not included in this rectangle. The values obtained were used to calculate the coefficient of variation (CV) of grey levels in the area (CV0standard deviation/mean), with a low value indicating homogeneity of the root canal filling. Changes in the appearance of the image other than the previously performed brightness correction were not possible for this analysis, because of our research protocol.
This analysis was performed by the same observer, expert in Radiology, twice, at an interval of one week between assessments. The mean of the two values obtained for mean of the grey level and CV was calculated for each specimen and recorded on a specific chart for subsequent analysis.
Evaluation of dye infiltration
For the evaluation of apical seal, ten additional teeth were submitted to chemomechanical root canal preparation and served as positive or negative controls of dye infiltration.
On the outer surfaces of the obturated roots (Thermafil, lateral condensation, and Tagger's hybrid technique) were applied one layer of adhesive glue and another layer of nail polish, except for an area of approximately 2 mm surrounding the radicular foramen. In evaluating dye infiltration, five of the ten nonobturated control roots, the adhesive glue and another layer of nail polish were applied in all root surface, including the entire apical portion (negative control/n05), and on other five roots, an area of 2 mm around the apical foramen was left without adhesive glue (positive control/n05). After, the roots were immersed in 2% methylene blue dye for 7 days in an oven at 37°C, followed by washing with water for 24 h. The roots were cut longitudinally until close to the filling material with a carborundum disk and then cleaved with a chisel. The extent of dye infiltration inside the root canal was evaluated with a stereomicroscopic magnifying glass (Stemi 2000, Carl Zeiss, Germany) by two expert in Endodontics, who determined the extent (in mm) of dye penetration using a millimeter ruler. The highest degree of infiltration observed for the two sections of each specimen was chosen for analysis. Since the working length was not a controlled variable, the degree of infiltration was evaluated proportionally to the working length. These data were recorded on a specific chart.
Data analysis
The Student's t test was used to compare mean of the grey levels and CV before and after obturation. Percentage of the gain in grey levels mean and percentage reduction in CV Fig. 1 A, B X-ray tube, specimen, soft tissue simulator, and aluminum step wedge positioned to obtain the radiography were compared by analysis of variance (ANOVA) followed by the Tukey-Kramer or Dunnet post hoc test. Since the data showed no normal distribution, the degree of dye penetration was compared between groups by the KruskalWallis test followed by Dunn's post hoc test. Interexaminer agreement was evaluated using Spearman's correlation coefficient.
Mean grey levels were compared before and after obturation by the three techniques for the three thirds of the root, the two projections and the two radiographic imaging modalities (digitized and digital radiographs). (Tables 3 and 4) . Analysis of dye infiltration showed that Tagger's hybrid technique was superior to lateral condensation and did not differ significantly from the Thermafil technique (Table 5) . Analysis of interobserver agreement showed a strong significant correlation (0.987).
Results

A significant increase in mean of
the grey levels after obturation was observed for all analyses (Student's t test, p<0.001; Tables 1 and 2). A significant difference in the CV before and after obturation was observed for digitized and digital images (Student's t test, p<0.05), except for the lateral condensation group in the cervical third when analyzing digital images obtained in the buccolingual projection
Discussion
Mean of the gray level refers to the average of the radiodensity value of the pixels of a selected area. In this case, we selected a rectangular area within the root canal and we measure the mean of pixels radiodensity. This number ranges from 0 (black pixels) to 255 (white pixels) on an 8-bit grey scale image. Higher values indicate a radiopaque area. Lower values indicate a radiolucent area. Some studies in the literature use this resource [11, 12, [16] [17] [18] . In the present study, this value indicated the degree of radiolucency of the empty root canal before obturation and the radiopacity of the filling material after obturation. Insertion of the radiopaque filling material is known to increase the mean grey level. This is observed for any obturation technique, irrespective of its efficiency. Since human permanent teeth were used, even taking care to select the same group of teeth, it was not possible to obtain a homogenous sample in terms of mean grey levels before obturation (which would correspond to the radiolucency of the root canal determined by its volume) and thus to eliminate this variable. In view of this limitation and to permit a more reliable comparison of the increase in mean of the grey levels after obturation, the percentage increase in mean values after obturation was used for analysis (Table 1, digitized image; Table 2 , digital image). Thus, the question was which technique would provide a larger increase in the radiopacity of the filling material, i.e., permit more effective root canal filling.
In general, the highest differences were observed between Tagger's hybrid technique and the Thermafil system. This finding might be related to a lower radiopacity of the alpha phase gutta-percha of the Thermafil obturator due to its lower molecular weight as described in the instructions of the Thermafil plus endodontic obturator [19] or even to the presence of the plastic carrier (which may present a lower resistance to the passage of X-rays than gutta-percha), rather than to the lower efficiency of this technique. The results of this study demonstrated a more effective condensation of gutta-percha caused by McSpadden thermal compaction on digitized and digital images, with a tendency toward a higher filling percentage, although not always statistically significant, in the Tagger hybrid group.
In the case of lateral condensation, excess gutta-percha in the coronary portion is removed with a hot instrument. In Tagger's hybrid technique, this excess material is partially removed and is added to the material inside the root canal by the action of the compactor. This fact might explain the increase of mean grey levels in the Tagger hybrid group when compared to lateral condensation.
An increase in mean grey levels after root canal obturation has also been reported by Sarmento et al. [18] . However, these authors only evaluated the lateral condensation technique compared to obturation with endodontic cement and secondary cones. A higher percentage increase in mean of the grey levels was obtained with the lateral condensation technique when compared to the other two groups.
The CV of mean grey levels corresponds to the dispersion of grey values around the mean and a low coefficient indicates the homogeneity of the root canal filling. For CV, percentage loss was compared between the different groups since, according to Sarmento et al. [18] the insertion of a filling material into the root canal by techniques that permit compaction of the filler results in greater homogeneity, i.e., a lower CV compared to the root canal space before obturation.
In general, the percentage reduction in CV was higher for Tagger's hybrid technique compared to the two other obturation techniques. This finding might be explained by the action of the thermal compactor that plasticizes the gutta-percha, condensing the primary and secondary cones and thus forming a single, more homogenous mass. According to Artaza [20] , the hybrid technique is characterized radiographically by the formation of a dense and homogenous mass and microscopically by the incorporation of the cement into the mass of gutta-percha. In the lateral condensation group, microscopically, only the apical third was found to be homogenous, and the accessory cones were separated in the middle and coronary thirds, and radiography revealed the presence of voids in the middle third. These results suggest that Tagger's hybrid technique provided the best compaction of the root canal filling material, an important factor for the sealing of obturations and, consequently, for the effectiveness of treatment.
The results of the present study demonstrated lower apical infiltration in the Thermafil group, although the difference was only statistically significant when compared to the lateral condensation group. Tagger's hybrid technique also promoted significantly better apical sealing when compared to the lateral condensation technique (Table 5) . Several studies have investigated the apical sealing capacity of endodontic obturation techniques. Some studies showed higher apical infiltration for the lateral condensation technique compared to the hybrid technique and better apical sealing of lateral condensation compared to Thermafil technique [21] .
Other studies demonstrated the superiority of lateral condensation [22] , whereas some investigators did not observe a significant difference between lateral condensation and thermoplasticizing technique [23] .
In the present study, extrusion of the sealer was observed in all specimens after obturation. Patency of the foramen was maintained with a number 15 file to prevent the accumulation of smear layer in the root apex. Gilhooly et al. [24] also observed a high frequency of extrusion of the root canal filling material (about one third of samples). The authors attributed the rate of extrusion of sealer or gutta-percha to the patency and emphasized that some factors may impair this extrusion like the periodontal ligament and tissue fluids at the periapical area. These factors are not present in vitro studies. Pereira et al. [25] agreed that certain factors present in a clinical situation act as natural barriers to extrusion.
Extrusion of gutta-percha was only observed in root canals filled with Thermafil (n011, 55%). High rates of extrusion have also been reported by other investigators [5, 26] . As in the present study, Carvalho et al. [27] also used upper central incisors, which present wide and straight canals and are therefore more susceptible to apical extrusion. According to Berger [28] , Thermafil is indicated for curved and tight canals. Thus, the characteristic of easy extrusion of Thermafil can be controlled in tight canals in the apical third. Some studies have reported a tendency toward extrusion of the filling material for Tagger's hybrid technique [29, 30] . In the present study, no extrusion of gutta-percha was observed in the Tagger hybrid group. Pereira et al. [25] also found no extrusion of the filling material in any of the specimens studied. However, the high incidence of extrusion of gutta-percha observed in the present investigation for the Thermafil group might have contributed to the better apical sealing provided by this technique.
The present study demonstrated the superiority of Tagger's hybrid technique in terms of homogeneity of radiopacity of root canal fillings. This technique showed better scores for homogeneity of the obturation radiopacity (an increase in mean of the grey levels) and better homogeneity (a reduction in the CV). Analysis of dye infiltration showed that Tagger's hybrid technique was superior to lateral condensation and did not differ significantly from the Thermafil technique, in agreement with the results of the radiographic analysis.
Conclusions
Tagger's hybrid technique presented a higher percent gain of mean grey levels after root canal filling, which was significant in most assessments. A greater percent reduction in the CV after obturation was observed for Tagger's hybrid technique, but the difference was not significant in most assessments. Tagger's hybrid technique provided better homogeneity of the obturation radiopacity and better apical sealing compared to the lateral condensation technique. The Thermafil technique showed lower results in relation to the mean grey levels. With regard to dye infiltration Thermafil technique was the better performance, followed by Tagger's hybrid technique and Lateral condensation, in this order.
